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Abstract
The formation of intersegmental blood vessels (ISVs) in the zebrafish embryo serves as a paradigm to study angiogenesis in vivo. ISV
formation is thought to occur in discrete steps. First, endothelial cells of the dorsal aorta migrate out and align along the dorsoventral axis. The
dorsal-most cell, also called tip cell, then joins with its anterior and posterior neighbours, thus establishing a simple vascular network. The vascular
lumen is then established via formation of vacuoles, which eventually fuse with those of adjacent endothelial cells to generate a seamless tube with
an intracellular lumen. To investigate the cellular architecture and the development of ISVs in detail, we have analysed the arrangement of
endothelial cell junctions and have performed single cell live imaging. In contrast to previous reports, we find that endothelial cells are not
arranged in a linear head-to-tail configuration but overlap extensively and form a multicellular tube, which contains an extracellular lumen. Our
studies demonstrate that a number of cellular behaviours, such as cell divisions, cell rearrangements and dynamic alterations in cell–cell contacts,
have to be considered when studying the morphological and molecular processes involved in ISV and endothelial lumen formation in vivo.
© 2008 Elsevier Inc. All rights reserved.Keywords: Angiogenesis; ISV; Vessel fusion; VE-cadherin; Adherens junctions; Transgenic; ZO-1; ZebrafishIntroduction
Branched tubular organs are widely used to transport and
distribute liquids, nutrients or gas within multicellular animals.
In many cases, ramified tubular organs arise from pre-existing
epithelial structures via branching morphogenesis. Cell migra-
tion and cell division are key processes underlying branch
formation. In addition, cell rearrangement and the control of cell
shape play important roles in shaping the outgrowing branches.
In invertebrates, one of the best characterized organs formed
by branching morphogenesis is the tracheal system of Droso-
phila melanogaster. In recent years, a large number of
mutations affecting the branching process has been identified
and characterized. Using forward and reverse genetic as well as⁎ Corresponding authors. Fax: +41 61 2672078.
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doi:10.1016/j.ydbio.2008.01.0384D-live imaging approaches at cellular resolution, the corre-
sponding genes were found to control directed cell migration,
cell rearrangement, branch-specification, tube size regulation
and branch fusion. A large number of key molecules has been
identified, including chemotactic ligands, their respective
receptors, transcriptional regulators, junctional components
and luminal proteins, which either act at the top or at the
bottom of the regulatory network that controls the branching
process (reviewed in Affolter et al., 2003; Ghabrial and
Krasnow, 2006; Uv et al., 2003).
In vertebrates, the molecular pathways controlling the
development of the vasculature have attracted much attention
in the past decade (Adams and Alitalo, 2007; Carmeliet, 2005;
Coultas et al., 2005; Lawson and Weinstein, 2002a; Ny et al.,
2006). The vascular anatomy of the developing trunk is both
reproducible from animal to animal (Isogai et al., 2001) and
conserved in the vertebrate body plan with some species-
specific variation. The first blood vessels that form in the
embryo are the large midline artery and vein, which arise
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differentiation and assembly of angioblasts. After the establish-
ment of the major axial blood vessels, smaller vessels such as
the trunk intersegmental vessels (ISV) are formed through
sprouting angiogenesis, which involves the migration of
endothelial cells from the existing large vessels. The processes
by which these sprouts develop appear similar to those involved
in branching morphogenesis of other tissues and include a
remodelling of pre-existing epithelial structures. However, the
temporal and spatial coordination of events such as cell
migration, cell rearrangement, cell division or lumen formation,
which eventually lead to the establishment of correctly
interconnected vascular tubes of distinct size and shape, remains
ill characterized (Adams and Alitalo, 2007).
The genetic amenability, the experimental accessibility and
the optical clarity make the zebrafish embryo an excellent
model system for deciphering the cellular mechanisms under-
lying angiogenesis (Beis and Stainier, 2006; Lawson and
Weinstein, 2002b). Because of their metameric arrangement and
relative anatomical simplicity ISVs are ideally suited to study
the cues and mechanisms leading to the ordered formation of
new blood vessels. Single cell labelling experiments have
shown that the ISVs consist of three types of cells: (1) a ventral
cell embedded in the dorsal aorta carrying a sprout oriented
towards dorsal, (2) a dorsal T-shaped cell in the dorsal
longitudinal anastomotic vessel (DLAV) and (3) an elongated
cell linking these two (Childs et al., 2002). Because of theFig. 1. Complex distribution of junctional proteins in ISV. (A) Cellular model of ISV
rings) in an ISV in which endothelial cells are arranged in a head-to-tail fashion fo
embryos labeled with an anti-ZO-1 antibody (green). ZO-1 protein is mostly detected
parts of the DLAV. Sometimes, ZO-1 is absent from short regions of the ISVs, includi
fish injected with flk1:RAS-GFP (red) plasmid and labeled with anti ZO-1 antibodies
Putative tip cells show ring-like ZO-1 pattern at their base, where they make contact w
boundary. Scalebars: 20 μm.stereotypic location and behaviour of these cells, it was
suggested that ISVs are made up by three cells that originate
from the dorsal aorta and migrate between somites to their final
position in the ISV and the DLAV (Childs et al., 2002) (Fig.
1A). By live imaging of transgenic zebrafish embryos,
Weinstein and colleagues have shown that the ISVs indeed
form via angiogenesis, and that cells migrate out of the dorsal
aorta to form, in a first phase, the DLAV and its connections to
the dorsal aorta (Isogai et al., 2003; Lawson and Weinstein,
2002b). More recently, elegant live imaging studies revealed
that the lumen in the ISVs is built in vivo via the formation of
endothelial vacuoles that undergo intracellular and intercellular
fusion to generate a patent lumen (Kamei et al., 2006). ISV
formation in the early zebrafish embryo is thus characterized by
cell migration to generate a stereotyped cell arrangement,
followed by a hollowing process of single cells and subsequent
lumen connection, resulting in an interconnected luminal
pathway from the dorsal aorta to the DLAV. Recent studies
have shown that endothelial cells also divide as they migrate out
of the dorsal aorta and form the ISVs (Leslie et al., 2007;
Siekmann and Lawson, 2007), adding another cellular process
to ISV formation.
To characterize the cellular architecture of the developing
ISVs in the zebrafish in more detail, and to better define the
cellular events that contribute to ISV formation, we have used
single cell imaging in vivo combined with the analysis of the
distribution of proteins at the endothelial adherens junctionss according to Childs et al. (2002). (B) Putative distribution of cell junctions (red
rming a seamless tube. (C–E) Confocal projection of 36 hpf fli1:EGFP (red)
as two “stripes” (arrows in panels C and D) along the stalk of the ISV, and also in
ng the DLAV (E, arrowheads). (F–I) ZO-1 outlines single cells. 30 hpf wild-type
(green). (F and G) Putative single stalk cells are entirely lined by ZO-1. (H and I)
ith stalk cells (arrows). Abbreviations: da: dorsal aorta, nc: notochord, sb: somite
314 Y. Blum et al. / Developmental Biology 316 (2008) 312–322(AJs) and tight junctions (TJs). Our studies show that the
architecture of the ISV is significantly different from what has
been proposed previously. Furthermore, we suggest that a
number of additional cellular activities have to be taken into
consideration when studying the molecular processes involved
in ISV sprouting angiogenesis in the zebrafish embryo.
Materials and methods
Fish maintenance and stocks
Zebrafish were maintained at standard conditions (Westerfield, 2000).
Embryos were staged by hours post-fertilization (hpf) at 28.5 °C (Kimmel et al.,
1995). Embryos derived from wild-type fish (AB/EK), TG(fli1:EGFP)y1
(Lawson and Weinstein, 2002b), TG(flk1:EGFP)S843 (Jin et al., 2005) and TG
(flk1:EGFP-NLS) (this study) were used.
Generation of TG(flk1:EGFP-NLS) transgenic fish line
Approximately 200 embryos (AB/EK strain) were injected at one cell stage.
Embryos were screened for transient GFP expression at 24 hpf. 24 embryos
showed strong transient expression in the developing vasculature and were
raised separately. Founders were crossed and screened for germ line
transmission. From 7 pairs, we recovered two transgenic carriers which
displayed different levels of EGFP expression. The strongest expressing carrier
was propagated to establish the TG(flk1:EGFP-NLS) line.
Live imaging
Embryos were embedded in a drop of 0.7% low melting agarose containing
0.01% tricaine (pH 7.5) on a cover slip. This cover slip was put up side down on
an aluminum depression slide containing egg water with 0.01% tricaine.
Temperature was kept at approximately 28.5 °C. Stacks were taken with a Leica
Sp1 confocal microscope every 8 min with a slice number between 30 and 50
having a space of 1.5–2.0 μm. Movies were processed using Imaris (Bitplane)
and ImageJ.
Generation of anti-CDH5 antibodies
A cDNA fragment encoding a polypeptide comprising the extracellular
domain of zebrafish CDH5 (Ala22 to Lys464) was cloned into pET22b and
expressed in E. coli using the T7 expression system. The protein was purified on
Ni-charged IMAC resin (BioRad) under denaturing conditions. Antiserum was
raised in a rabbit by Eurogentec (Seraing, Belgium) using standard immuniza-
tion procedures. Prior to use, the anti-CDH5 antiserum was diluted 1:1000 in
blocking solution (PBS, 1% BSA, 5% normal goat serum, 0.2% TritonX-100)
and incubated with fixed zebrafish embryos (10 embryos/ml) to reduce non-
specific activity.
Immunofluorescence
Embryos from 22–36 hpf were fixed in 4% paraformaldehyde for 2 h at
room temperature. Embryos were then washed 4×5 min in PBST (PBS+0.1%
Tween20) and once in PBSTX (PBS+0.1% Tween20+0.1% Triton ×100).
Embryos were then blocked in PBSTX+10% BSA+1% NGS for 2 h. Embryos
were incubated with primary antibodies (in PBSTX+1% BSA+0.1% NGS)
overnight at 4 °C. Embryos were then washed 6×1 h in PBSTX+1% BSA+
0.1% NGS and then incubated with the secondary antibody (in PBSTX+1%
BSA+0.1% NGS) overnight at 4 °C. Embryos were finally washed several
times in PBST. All steps were performed at RT except for antibody incubations.
The following antibodies were used: mouse anti human ZO-1, 1:200 (Zymed);
rabbit anti-zf-CDH5, 1:1000; Alexa-568 goat anti-rabbit IgG, 1:1000; Alexa-
568 goat anti-mouse IgG, 1:1000; Alexa-633 goat anti-mouse IgG, 1:1000. (All
secondary antibodies were purchased from Invitrogen.) The head and yolk bulb
were severed from the trunk with a razorblade and the trunk was mounted inVectashield. Images were taken with a Leica SP1 confocal microscope. For ZO-
1 immunofluorescence, confocal stack sizes are 100–200 optical sections per
stack at a step size of 0.1221 μm (as recommended for the 100× objective). For
CDH5 staining the step size was increased to 0.2442 μm (50–100 sections) due
to a weaker signal and faster bleaching.
Plasmids
To produce a plasmid containing an EGFP-NLS sequence downstream of the
flk1 promoter, EGFP-NLS cDNAwas cloned from the pStinger vector (Barolo et
al., 2000) into pBSII-SK with BamHI and SpeI. From there, EGFP-NLS was
cloned into a modified pG1 vector with EcoRI and SacII (details available upon
request). The flk1 promoter was cloned from the pCRII-TOPO vector containing
the flk1 promoter into the modified pG1 containing the EGFP-NLS sequence
with SalI and EcoRI.
To allow easy cloning of cDNAs under the control of the flk1 promoter, a
multiple cloning site and a SV40-polyA tail was cloned downstream of the flk1
promoter. The SV40 polyadenylation signal sequence was amplified by PCR using
the following primers, one containing the MCS (EcoRI, KpnI, XhoI, EcoRV,
BamHI, SacII and NotI): forward (containing MCS): 5′-ACTGAGAATTCGG-
TACCCTCGAGGATATCGGATCCCCGCGGGCGGCCGCGATCATAAT-
CAGCCATAC-3′, rev: 5′-CTAGTGCGCGCGTTAAGATACATTGATGA-G-3′.
The PCR fragment was then cloned into the pG1 flk1:EGFP-NLS vector using
EcoRI and BssHII giving rise to the pG1 flk1:MCS-SV40 vector.
The mCherry coding sequence was cloned from pRSET-B mCherry vector
(Tsien lab) into pCRII-TOPO vector containing the flk1 promoter with BamHI
and EcoRI. This vector was used to clone mCherry into the pG1 flk1:MCS-
SV40 vector using BamHI and NotI.Results
Complex junctional organization of ISVs
It has previously been shown that the ISVs in the early
zebrafish embryo consist of three types of endothelial cells
(Childs et al., 2002; Fig. 1A). Based on their stereotypic
location it has been assumed that these cells line up in a head-to-
tail fashion with no or very little overlap along the dorsoventral
extent of the ISV. Recently, this view has gained support by live
imaging studies suggesting that the lumen of ISVs is formed via
the formation and fusion of intracellular vacuoles that will fuse
with those of neighbouring endothelial cells to generate a
seamless tube with an intracellular lumen (Kamei et al., 2006).
To examine the cellular architecture of ISVs in more detail,
we visualized the junctional complexes between individual
endothelial cells using an antibody directed against human Zona
Occludens 1 (ZO-1) (see Materials and methods). Tight
junctions and adherens junctions form between cells at the
apical side of an epithelium and are excellent indicators for
cellular contacts within epithelial tissues. Moreover, junctional
patterns between epithelial cells have been used to determine
the cellular architecture of tubular structures (Lubarsky and
Krasnow, 2003; Ribeiro et al., 2004). For instance, a seamless
tube in which the cells are arranged serially would most likely
result in a junctional “ring” pattern as illustrated in Fig. 1B.
Because the anti-ZO-1 antibody labels cell junctions in many
epithelial tissues in zebrafish embryos, including notochord and
spinal cord, we performed our analysis on transgenic TG(fli1:
EGFP) embryos to independently visualize the developing
trunk vasculature (Lawson and Weinstein, 2002b). To ensure
reproducible observations we focused our study on the ISVs
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analysed embryos after 1.5 days of development, when ISVs
have formed in much of the trunk region and their lumen is
about to become patent (Isogai et al., 2001). At this stage we
observed a complex pattern of ZO-1 (Figs. 1C–E). Whereas the
dorsal aorta showed a mesh-like distribution of ZO-1, which is
typical for multicellular tubes (Lubarsky and Krasnow, 2003),
in most ISVs, the medial region was lined by two “stripes” of
ZO-1 along the tube axis. On the dorsal side, we also observed
two or more lines of ZO-1 staining in the DLAV. Owing to the
heterogeneity of ISVs at this stage, ZO-1 distribution was
slightly variable between individual ISVs within a single
embryo. For example, sometimes no ZO-1 staining was seen in
short regions along the tube extension (arrowhead in Fig. 1E)
most likely reflecting the dynamic behaviour of endothelial
cells during angiogenic remodelling. Thus, the ZO-1 pattern we
observe in ISVs is contrasting the pattern that would have been
predicted from the current models of ISV architecture and is
most readily explained if two endothelial cells make up the tube
in most regions of the ISV.
To unambiguously link individual endothelial cells within
developing ISVs to the complex pattern of ZO-1, we examined
the distribution of ZO-1 in embryos that had been injected with
a plasmid encoding a membrane-bound form of GFP (RAS-
GFP) under the control of the flk1 promoter (Jin et al., 2005).
Because injected DNA is mosaically transmitted in the zebrafish
embryo, it is possible to label single endothelial cells with this
technique. When examining single, RAS-GFP positive stalk
cells, we found that the circumference of stalk cells was entirely
lined by ZO-1 protein, suggesting that they indeed contacted
another cell(s) over their entire extent along the tube axis (Figs.
1F, G). RAS-GFP labelled tip cells showed a circular staining of
ZO-1 at their ventral base, where they contacted the stalk cells
(Figs. 1H, I). At the tip of their anteroposterior extensions,
where these cells contacted each other, ZO-1 staining was also
prominent, presumably as a result of novel cell–cell contacts
established between adjacent ISVs. Taken together, our
immunofluorescence and single cell studies demonstrate that
the ISVs are made up by endothelial cells sharing extensive
cell–cell contacts with neighbouring endothelial cells, rather
than by cells that are arranged in a head-to-tail fashion.
Endothelial cells appear paired in ISVs
While the distribution of cell junctions indicates a complex
pattern of spatial relationships between endothelial cells, it does
not reveal directly the cellular architecture of ISVs. We
therefore generated a plasmid encoding a cytoplasmic mCherry
protein under the control of the flk1 enhancer. We injected this
plasmid into fli1:EGFP transgenic embryos to differentially
label a single (or a subset of) cells within an ISV. As expected,
we found mCherry labelled either dorsal cells of the DLAV,
basal cells contacting the aorta, or, most frequently, medial cells
linking these two (Figs. 2A–D; the green and red colours of the
fluorescent proteins were inverted to obtain better contrast).
However, in most of the medial cells analysed (12/15), we
found that mCherry-labelled cells did not appear to extent overthe entire circumference of the tube, but aligned with one or
more only EGFP positive cell(s) along the tube axis (see arrows
in Figs. 2B–D). We analysed the Z-stacks of such double-
labelled vessels and discovered that two cell bodies were
surrounding the luminal space, one mCherry/EGFP double-
labelled endothelial cell and an EGFP-positive, mCherry
negative cell (Figs. 2D–F). To confirm this observation, we
re-examined the distribution of ZO-1 in cross sections of ISVs
and detected ZO-1 protein between adjacent cells in close
proximity to the lumen (Figs. 2G, H). The number of cells
surrounding the lumen of the ISV does not appear to be fixed.
At different proximodistal levels within a single ISV we were
able to find either 2 or 3 junctional complexes in a cross section
(Figs. 2G, H) corresponding to 2 or 3 endothelial cells enclosing
the vascular lumen, respectively.
In summary, these findings show that the three types of cells
that have previously been described as the building blocks of
the ISV are not arranged in a simple head-to-tail fashion.
Instead, they align over extended regions with neighbouring
cells resulting in tubes that consist of two or more cells
surrounding the luminal circumference, thus forming a multi-
cellular tube.
Dynamic behaviour of junctional proteins during ISV sprouting
Because ZO-1 is not only present in junctional complexes of
endothelial cells but also in the epidermis, the neural tube and
other tissues, we wanted to use an endothelial-specific
junctional marker to confirm our findings. Therefore, we raised
antibodies against zebrafish VE-Cadherin (CDH5), which is
expressed exclusively in the developing vasculature (Larson et
al., 2004). We analyzed the distribution of the CDH5 protein by
immunofluorescence and found that it was limited to the
vasculature (Fig. 3A); no CDH5 was seen in the notochord or in
the neural tube. The antiserum appeared to recognize a different
cadherin in the pronephric duct (data not shown). Staining in the
pronephric duct persisted upon morpholino inhibition of cdh5,
while the staining in the endothelial cells disappeared (H.B. and
M.A.; unpublished results). Immunofluorescent colabelling of
ZO-1 and CDH5 proteins in fli1:EGFP embryos demonstrated
that the two proteins co-localized in the developing vasculature,
both in the dorsal aorta and in the caudal veins (not shown), as
well as in ISVs (Fig. 3). In the developing ISVs, the distribution
ZO-1 and CDH5 was indistinguishable, suggesting that they
both label junctional complexes of endothelial cells during the
sprouting process.
To obtain a better idea of how endothelial cells connect to
each other during ISV formation, we analysed the distribution of
ZO-1 (Figs. 4A–D) and CDH5 (Figs. 4E–H) at different stages
of ISV development (from 22 hpf to 36 hpf). A differential
distribution of cell junctions in ISVs was already apparent at the
onset of angiogenic sprouting (Figs. 4A, E). While cells within
the dorsal aorta were labelled around their entire circumference,
both proteins were absent from the dorsal most part of the
leading cell as it appears to migrate out of the dorsal aorta. At
this stage cell junctions appear to be restricted to the base of the
leading cell, which is in contact with trailing endothelial cells.
Fig. 2. Endothelial cells are paired in the ISV. (A–D) Confocal projection of single cells expressing mCherry under control of the flk1 promoter (shown in green for
better contrast) in fli1:EGFP transgenic embryos (red) in ISVs at 36 hpf (A–C) and 48 hpf (D) of development. (B) T-shaped cell embedded in the DLAV, (C, D)
extended stalk cells. In all cases, mCherry-expressing cells appear to make up only part of the circumference of the tube (arrows), and appear paired or aligned with
cells expressing EGFP only. (E) Single section (X–Yplane) of the cell shown in panel D. (F) Single cross section (Y–Z plane) of the ISV showing the lumen and the
surrounding cells. (G, H) Single cross sections of ISVs at 48 hpf showing ZO-1 staining (arrows) between cells surrounding the lumen (2 cells in panel G, 3 cells in
panel H). (G′, H′) Schematic representation of the cellular arrangement shown in panels G and H. Scalebars: 20 μm.
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the junctional pattern becomes more complex. While the dorsal
part of the tip cell was largely devoid of ZO-1 and CDH5, we
saw extensive junctions between the tip cell and the followingFig. 3. CDH5 colocalizes with ZO-1 in endothelial cells. (A–C) Confocal projection
and anti ZO-1 (green) antibodies. (A) CDH5 and the GFP show that CDH5 labels exc
cells in the notochord and the neural tube. (C) CDH5 and ZO-1 show co-localizatiocells, as well as among the latter. At 30 hpf, we already detected
the predominant distribution pattern of CDH5 and ZO-1,
namely the occurrence of two parallel lines extending along
the tube axis (arrowheads in Figs. 4C, G).s of 36 hpf fli1:EGFP (blue) transgenic embryos labelled with anti CDH5 (red)
lusively junctions of endothelial cells. (B) ZO-1 labels endothelial cells as well as
n (yellow) of the two junctional proteins in endothelial cells. Scalebars: 20 μm.
Fig. 4. Dynamic expression of junctional proteins during ISV formation. Confocal projections of fli1:EGFP embryos labelled with anti-ZO-1 (A–D) or CDH5 (E–H)
antibodies and of flk1:EGFPnls embryos labelled with CDH5 (I–L) antibody at different developmental stages. (A, E, I) 22–24 hpf, (B, F, J) 26–28 hpf, (C, G, K)
30 hpf, (D, H, L) 36 hpf. Already at early stages (A, E) both proteins are localized along the stalk of the ISVs, presumably between putative tip cells on the one hand,
and between stalk cells on the other hand. Spots and lines (arrows in panels C, F and J) of ZO-1 and CDH5 are visible when tip cells start to extend in anterior and
posterior direction to eventually form the DLAV. Arrowheads point to parallel junctions running along the axis of the ISV. Abbreviations: see Fig. 1, nt: neural tube.
Scalebars: 20 μm.
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nuclei, we examined the distribution of CDH5 (Figs. 4I–L) and
ZO-1 (data not shown) in embryos carrying a flk1:EGFP-NLS
transgene which labels the nucleus of endothelial cells (see
below and Materials and methods). As in the previousexperiments, we found that the leading cell remains in close
contact with the trailing cell(s) during EC sprouting. During
sprouting, cell junctions of the leading cell were largely
restricted to its proximal portion (Figs. 4I, J), while distal
junctions were formed during establishment of the DLAV (Figs.
318 Y. Blum et al. / Developmental Biology 316 (2008) 312–3224K, L). Moreover, in the basal part of the ISV nuclei can be
found in direct apposition to each other (Figs. 4K, L), thus
further illustrating that the parallel lines of junctional complexes
represent cell contacts between paired endothelial cells.
Complex cell rearrangements during vessel fusion in the DLAV
During formation of the DLAV the distribution of CDH5 and
ZO-1 in the tip cell is highly dynamic. When the tip cells have
reached the dorsal side of the embryo, they start to extend
cellular processes in anterior and posterior direction. At this
stage, before they make contact with their neighbouring
endothelial cells, spots and lines of ZO-1 and CDH5 protein
became evident (arrows in Figs. 4F, J). As soon as two tip cellsFig. 5. Endothelial cell behaviour during formation of the DLAV. The figure depicts d
Confocal projections of 30 hpf fli1:EGFP fish (red) labeled with anti ZO-1 (green). (A
over each other resulting in a small (B) oval-shaped ZO-1 pattern, which eventually
pattern shown in panels A–C. (D, E) Picture series of supplementary movies 1 and 2 s
expressing mCherry in a flk1:EGFP embryo. Within 5 h, the tip cell migrates dorsally
first contact (D″) tip cells “crawl” over each other to some extent (arrow in panel D′″).
(arrow in panel E′″). Scalebars: (A–C) 20 μm; (D–D′″) 50 μm; (E–E′″) 100 μm.of adjacent sprouts contacted each other, a prominent localiza-
tion of ZO-1 (Fig. 5A) and CDH5 (data not shown) was
apparent at the contact site. During further development, this
contact point expanded (Figs. 5B, C) and eventually appeared as
an extended oval along the axis of the DLAV. Thereafter, the
pattern became more complex with time (see Figs. 1 and 4),
suggesting extensive cell rearrangements (see below).
To investigate the behaviour of endothelial cells during
DLAV formation in more detail, we performed time-lapse
analyses. By injecting flk1:mCherry plasmid into transgenic
flk1:EGFP embryos we were able to observe the interaction
between differentially labelled tip cells from adjacent segments.
We found that tip cells from neighbouring ISVs “crawl” over
each other after having made contact (Fig. 5D; supplementaryifferent ISVs within a single embryo. (A–C) ZO-1 pattern during vessel fusion.
) ZO-1 accumulates at the contact site of two putative tip cells, which then crawl
expands to an extended oval (C). (A′–C′) Schematic representation of the ZO-1
howing dynamic cell behaviour during ISV formation. Movie (D) shows a tip cell
and expands in anterior and posterior direction to fuse and form the DLAV. After
Movie (E) shows a single stalk cell migrating dorsally to contribute to the DLAV
319Y. Blum et al. / Developmental Biology 316 (2008) 312–322movie 1). This behaviour is consistent with the localization
ZO-1 upon tip cell contact (see above). When we followed
individually labelled stalk cells, we found that these cells moved
dorsally and ultimately contributed to parts of the DLAV (Fig.
5E; supplementary movie 2). Clearly, the movement of stalk
cells into the DLAV must be accompanied by the reorganiza-
tion of cell–cell contacts, and account in part for the com-
plexity of the junctional pattern within the DLAV, such as seen
in Figs. 1 and 2.
Sprouting of ISVs is accompanied by extensive cell divisions
Our studies using single cell labelling and localization of cell
junction components have shown that throughout the ISV,
several cells appear to make up the apical surface of the luminal
circumference. This is particularly surprising in the DLAV,
which is thought to arise by the fusion of tip cells from adjacent
ISVs and the formation of an intracellular lumen (Kamei et al.,
2006). While cellular rearrangements and cell migration play a
crucial role in this process (see above), it is also clear that
additional cells have to be generated in order to contribute to the
DLAV. Tip cells could divide either shortly before or after the
fusion with the adjacent metamer. It has indeed been shown that
tip cells do divide, but they appear to do so during the dorsal
migration, before single tip cells contact each other (Leslie et
al., 2007; Siekmann and Lawson, 2007).
To monitor such cell divisions, we generated a transgenic
fish line expressing a nuclear localized GFP under the control of
the flk1 promoter (flk1:EGFP-NLS). These fish allowed us to
analyze the number of nuclei in different ISVs and to monitorFig. 6. Non-stereotyped behaviour of nuclei in ISVs. Picture series taken from sup
embryos. (A) A stalk cell (arrow) divides prior to the tip cell (arrowhead). Outline of t
adjacent ISV (arrows are following the nuclei). Scalebars: 20 μm.the behaviour of the nuclei during ISV formation. The GFP
protein expressed in these transgenic lines translocates from the
nucleus into the cytoplasm shortly before cell division, and then
re-enters the daughter nuclei after nuclear division. This
property makes it possible to study cell behaviour also, because
the outline of the cells that are going to divide can be visualized
shortly before cell division (see arrow in Fig. 6A). Shortly after
the establishment of the DLAV (36 hpf), we determined the
number of cells per ISV by counting the nuclei located within
the ISVs. We found that ISVs contained between 3 and 7 nuclei.
The majority of ISVs, however, contained 4 or 5 nuclei (43 out
of 55). When we observed the endothelial cell nuclei during ISV
formation in vivo, we found that in all segments, nuclei divided
as they were migrating towards the dorsal side, similar to what
has been recently reported (Leslie et al., 2007; Siekmann and
Lawson, 2007) (see movie 3; Fig. 6). However, and consistent
with the variations in ZO-1 or CDH5 distribution in different
ISVs, we found considerable variability in the “nuclear behav-
iour” of different ISVs. In most cases, three cells (as visualized
by three nuclei) migrated out of the dorsal aorta. Divisions were
often observed in the dorsal most nuclei (representing the lead-
ing cell of the outgrowing branch), arguing that tip cells divide
as they migrate out. In many branches, we observed that the
stalk cells also divided, before the tip cell of the same ISV did so
(Fig. 6; supplementary movies 3 and 4). We also observed that
nuclei arising in a given ISV could end up in the stalk of an
adjacent ISV (supplementary movie 5). Based on the analysis of
five different time-lapse movies, two to three cells migrated out
of the dorsal aorta, and, in most cases, two of them underwent
another round of cell division (one tip cell and one stalk cell),plementary movies 3 (A) and 4 (B) showing sprouting ISV in flk1:EGFP-NLS
he cell can be visualized during cell division. (B) A tip cell nucleus ends up in an
Fig. 7. Putative cellular architecture of ISVs in the zebrafish trunk. According to
our model ISVs are multicellular tubes consisting of 4–6 cells per vessel. These
cells are arranged in such a way that they overlap in a staggered fashion in the
ISV as well as the DLAV. This arrangement allows extensive cell–cell contacts
(coloured lines), which correspond to a complex pattern of intercellular
junctions.
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the majority of ISVs. Thus, the process of ISV formation is
accompanied by cell migration and cell division, but these
processes do not appear to be stereotyped and we observed a
high degree of variation, suggesting that they are not under strict
genetic control.
Discussion
A model for the cellular architecture of ISVs in the trunk region
in the zebrafish embryo
The formation of the ISV in the trunk of the zebrafish
embryo serves as a paradigm to study how endothelial tubes
form in an in vivo model system. To better characterize the
cellular architecture of ISVs, we have studied the organization
of their intercellular junctions. For this purpose, we generated
antibodies against the CDH5 protein, an endothelial-specific
VE-type cadherin in the zebrafish. Furthermore, we have used
two-colour, single cell imaging to differentially label endothe-
lial cells within a given ISV. Together, these approaches have
allowed us to define the spatial relationships between
neighbouring endothelial cells. Based on our findings, we
propose that the architecture of the ISV is different from what
has been suggested previously. Instead of being arrayed in a
serial fashion, we demonstrate that in most regions, endothelial
cells are paired along the axis of the ISVs. In this modified
cellular model of ISVs, the luminal space appears to be in-
between endothelial cells. The ISV thus qualifies as a multi-
cellular tube containing an “extracellular” lumen (Lubarsky and
Krasnow, 2003). This model has considerable implications on
several aspects of ISV formation, such as cell behaviour and
lumen formation.
How is the lumen formed in the ISVs?
Lumen formation in ISVs has previously been studied using
two-photon confocal time-lapse imaging (Kamei et al., 2006).
This study provided strong support for a model in which the
vascular lumen is formed de novo by formation and intracellular
and intercellular fusion of endothelial vacuoles. Vessels formed
in this fashion consist of a “seamless” tube containing an
intracellular lumen. This interpretation was based on a previous
model proposing that ISVs consist of three cells arranged in a
linear fashion (Childs et al., 2002). However, based on our
analyses, we conclude that endothelial cells in the ISV share cell
junctions over the entire vessel length. This strongly argues that
the luminal space is in-between adjacent cells, and therefore
“extracellular”, and not contained within the cytoplasm of
single cells (“intracellular”). It appears likely that the lumen of
ISV is formed in such a way that intracellularly generated
vacuoles are exported through exocytosis into a common
intercellular space bounded by at least two endothelial cells that
are joined together by junctional contacts. This process
eventually leads to the formation of a common intercellular
luminal space as suggested by Kamei et al. (2006) for larger
calibre vessels. It may be advantageous for ISVs to be made upby a multicellular tube; it is difficult to imagine how tubes made
of chains of cells with an intracellular lumen would ramify later
during development through sprouting angiogenesis. In the
Drosophila embryo, terminal cells of the trachea do form an
extensive intracellular luminal network, these terminal cells do
not divide anymore during later stages of development
(Samakovlis et al., 1996).
Dynamic tip cell rearrangements during vessel fusion
The dynamic cell behaviour during ISV formation in the
zebrafish embryo is exemplified by the behaviour of the tip cells
during the process of vessel fusion. During dorsal migration of
the tip cells, “dot-like” and short “line-like” ZO-1 and CDH5-
containing structures are already visible in these cells.
Immediately upon the first contact between tip cells from
adjacent ISVs, ZO-1 and CDH5 localize to the contact point.
This is reminiscent of the initial steps in branch fusion in the
developing tracheal system in the Drosophila embryo, where
filopodial contacts of specialized fusion cells from adjacent
metameres result in the immediate localization of DE-cadherin
to the contact site (Samakovlis et al., 1996; Tanaka-Matakatsu et
al., 1996). In the absence of DE-cadherin, branch fusion does
not occur in the tracheal system (Uemura et al., 1996).
However, the branch fusion process in the tracheal system
appears to be rather different after this initial step when
compared to the fusion of the ISVs in the zebrafish. In the
tracheal system, the highly specialized fusion cells ultimately
develop into so-called doughnut cells, which are made up of
321Y. Blum et al. / Developmental Biology 316 (2008) 312–322two apical sides and a seamless lumen in-between (Uv et al.,
2003). Fusion points within the mature tracheal system can thus
easily be identified using markers for adherens junctions. In the
ISVs of the zebrafish embryos, it appears that endothelial tip
cells first contact each other and establish a CDH5-containing
interface. However, and in contrast to the Drosophila tracheal
system, this interface is then enlarged such that adjacent tip cells
make more and more extensive contact until they are paired
over much of their extent (see model in Fig. 7). In addition, stalk
cells move up to the DLAV and increase their contact surface
with tip cells. In general, it appears that adjacent endothelial cell
maximize their contact surfaces. It is possible that they do so
because the intracellular vacuoles preferentially fuse with pre-
existing apical membrane patches, resulting in their extension
and the generation of a larger and larger surface surrounding the
luminal space.
Our analysis of a transgenic line expressing a nuclear version
of GFP also showed that both tip and stalk cells divide as they
migrate during the process of ISV formation. It has been
previously argued that the division of the tip cell is a unique
feature of this particular cell imposed to it via the Dll/Notch and
the Vegfr signalling pathways (Leslie et al., 2007). Our results
do not favour the simplest version of such a model, and suggest
that tip and stalk cells are more similar in their behaviour than
anticipated: both can and do eventually divide as they migrate,
and do so rather independently and not in a well established
choreography. It will be important to study how lumen
formation proceeds in such a dynamic cellular environment,
in which cells even divide during the process of lumen
formation.
Endothelial cells rearrange extensively as the ISVs form and
eventually fuse. They migrate out of the dorsal aorta, divide as
they migrate, and can even migrate into neighbouring ISV
sprouts. We also find a lot of variation between individual ISV
in respect to junctional organization and cell number,
suggesting that cell behaviour during ISV formation is very
plastic and cannot be easily stereotyped. To accurately describe
these cell rearrangements, the formation of intercellular
junctional complexes has to be imaged at high-resolution in
live transgenic zebrafish embryos at the single cell level,
similar to what has been done during tracheal development in
the Drosophila embryo (Neumann and Affolter, 2006; Ribeiro
et al., 2004). In addition, the formation and fusion of vacuoles
and the formation of cell–cell contacts have to be imaged in
parallel in the same live embryos, to find out whether there is
coordination between the two processes, such that lumen
formation eventually leads to the proper assembly of con-
tinuous vascular tubes.
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